GRANT  NUMBER  DAMD17-94-J-4254 


TITLE:  The  Physiological  Role  of  Progesterone  Receptors  in 
Breast  Development  and  Tumorigenesis 


PRINCIPAL  INVESTIGATOR:  Orla  M.  Conneely,  Ph.D. 

CONTRACTING  ORGANIZATION:  Baylor  College  of  Medicine 

Houston,  Texas  77030 

REPORT  DATE:  September  1997 
TYPE  OF  REPORT:  Annual 


PREPARED  FOR :  Commander 

U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Frederick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  piiblic  release; 

distribution  unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


i-rr'K’  r 


19980416  148 


REPORT  DOCUMENTATION  PAGE 


faim  Approved 
0MB  No.  0704-0188 


Pubic  reporting  burdin  for  thli  coUocWn  of  Informotion  I*  uHmotid  to  tmno*  1  baur  oar  roaponaa,  Inctudkig  iha  tfena  for  ravtamng  Inatiueilena.  aaareWno  axiatlng  dan  aourcaa, 
gaihanng  aiM  malnuinlng  tfia  data  naadad,  and  CPmpfatltig  ^  ravlawing  tha  toiaetloit  of  Marmaaon.  Sand  eommanta  ragarding  tnla  burdan  aadoiaia  of  any  odiat  aapact  of  tnia 
radaetion  of  Momtatleiv  Including  lumaadqiu  for  raducatg  ^  burdan,  to  WaaMngion  Haadquartara  Saivicaa.  OIraetoraia  ta  mfomiailen  Oparatloina  and  Itopm.  12M  Jaffanon 
Davia  figharay,  Suita  1204,  Aringion, VA  22203-4302.  and  to  tha OtHM of  Managamam and Buogat.  PaparvaorfeSaductlon Projaei  tOTOi^ilUI,  Waafwignn.  DC 20B03. 


1.  AGENCY  USE  ONLY  12.  REPORT  DATE 


4.  TITLE  AND  SUBTITLE 

The  Physiological  Role  of  Progesterone  Receptors  in 
Breast  Development  and  Tumorigenesis 


1.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVEBIP  , 

September  1997  Annual  (1  Sep  96  -  il  Aug  97) 


6.  FUNDING  NUMBERS 


DAHD17-94-J-4254 


6.  AUTHORCSl 


Orla  M.  Conneely,  Ph.D. 


7.  PERFORMING  ORGANIZATION  NAMEiS)  AND  ADDRESSIES) 

Baylor  College  of  Medicine 

Houston,  Texas  77030 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

i 

1 

9.  SPONSORING/MONITORING  AGENCY  NAMEIS)  AND  ADORESSIES) 

Commander 

U.S.  Army  Medical  Research  auid  Materiel  Command 

Fort  Detrick,  Frederick,  Maryland  21702-5012 

10.  SPONSORING/MONITORING 

AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES 

12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

12b.  DISTRIBUTION  CODE 

13.  PASmACT (Maximum  ZOO 


Progesterone  and  estrogen  are  the  key  and  thT°status  of  these 

effects  of  progesterone  and  estrogen  are  mediated  thro  9  P  indicator  in  determining  the  probability  of  disease 
receptors  in  breast  tumors  has  been  used  as  an  "  P^  “  PR)  sTmposed  of  two  isoforms.  PRA 

free  survival  and  response  to  horrrrona  therapies.  The  ^ero^^^^^  s' receptors  are  likely  to  have 
and  PRB  which  have  different  transactiva  ion  :  jo^date  no  in  vivo  model  exists  to  address  this 

""" 

receptors  in  breast  development  and  carcinogenesis  in  vivo. 

To  achieve  the  f  jective,  n^use  n^nes  win  be  rnalyslTthese  lines 

This  information  will  improve  prognostic  capabilities  with  regard  to  analysis  or  swi 
improved  treatment  strategies. 


14.  SUBJECT  TERMS 
Breast  Cancer 


115.  NUMBER  OF  PAGES 

18 


16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION  20.  LIMITATION  OF  ABSTRAC 
OF  REPORT  OF  THIS  PAGE  OF  ABSTRACT  ,  .  . 

,  ..c  j  ,,  Unlimited 

Unclassified  Unclassified  Unclassified _ 


MSN  7540-01-280-5500 


FOREWORD 


Opinions,  interpretations,  conclusions  and  recommendations  are 
those  of  the  author  and  are  not  necessarily  endorsed  by  the  U.S. 
Army. 


_  Where  copyrighted  material  is  quoted,  permission  has  been 

obtained  to  use  such  material. 


_  Where  material  from  documents  designated  for  limited 

distribution  is  quoted,  permission  has  been  obtained  to  use  the 
material . 


Citations  of  commercial  organizations  and  trade  names  in 
this  report  do  not  constitute  an  official  Department  of  Army 
endorsement  or  approval  of  the  products  or  services  of  these 
organizations  - 


^  In  conducting  research  using  animals,  the  investigator (s) 
adhered  to  the  "Guide  for  the  Care  and  Use  of  Laboratory 
Animals,"  prepared  by  the  Committee  on  Care  and  use  of  Laboratory 
Animals  of  the  Institute  of  Laboratory  Resources,  national 
Research  Council  (NIH  Publication  No.  86-23,  Revised  1985) . 


For  the  protection  of  human  subjects,  the  investigator (s) 
Adhered  to  policies  of  applicable  Federal  Law  45  CFR  46. 

In  conducting  research  utilizing  recombinant  DNA  technology, 
the  investigator  (s)  adhered  to  current  guidelines  promulgated  by 
the  National  Institutes  of  Health. 


^  In  the  conduct  of  research  utilizing  recombinant  DNA,  the 
investigator (s )  adhered  to  the  NIH  Guidelines  for  Research 
Involving  Recombinant  DNA  Molecules. 


In  the  conduct 
investigator  (s) 
and 


the 

Microbiological 


of  research  involving  hazardous  organisms, 
adhered  to  the  CDC-NIH  Guide  for  Biosafety  in 
Biomedical  Laboratories. 


Mk.  M 

PI  -  Signature 


s  'f? 


Date 


Table  of  Contents 


Foreword 

Report  Document  Page  2 

Table  of  Contents  3 

Introduction  4 

Purpose  of  Present  Work  6 

Methods  of  Approach  6 

Progress  6 

Conclusion  14 

References  15-17 


3 


INTRODUCTION 


Problem 

Progesterone  and  estrogen  are  the  main  steroid  hormones  involved  in  breast  development  and 
tumorigenesis  and  can  have  both  stimulatory  and  inhibitory  effects  on  carcinogenesis  that  are  both 
stage  and  dose  dependent.  The  effects  of  these  hormones  are  mediated  through  specific  intracellular 
receptors.  However,  the  specific  contribution  of  these  receptors  to  proliferation,  differentiation  and 
tumor  growth  of  mammary  tissue  remains  controversial.  The  overall  objective  of  this  project  is  to 
evaluate  the  physiological  role  of  the  progesterone  receptor  and  its  individual  A  and  B  isoforms  in 
mammary  gland  development  and  tumorigenesis.  Our  approach  is  to  examine  the  consequences  of 
ablation  of  the  PR  A  and  B  proteins  on  mammary  gland  physiology  and  function  using  PR  null 
mutant  mouse  models. 

Background 

Progesterone  and  estrogen  are  the  principle  steroid  hormones  involved  in  normal  breast  development 
and  tumorigenesis  (1-3).  In  the  case  of  mammary  gland  tumorigenesis,  the  effects  of  progesterone 
and  estrogen  on  carcinogenesis  can  be  both  stimulatory  and  inhibitory  and  are  dose  and  stage 
dependent  (4).  These  hormonal  effects  are  mediated  by  specific  high  affinity  intracellular  receptor 
proteins  that  are  members  of  a  superfamily  of  related  transcription  factors  (5,6).  Binding  of  steroids 
to  these  receptors  results  in  the  formation  of  activated  receptor  dimers  that  bind  to  specific  enhancer 
DNA  elements  located  in  the  promoter  regions  of  hormone-responsive  genes  (7,8).  The  activation  or 
repression  of  these  genes  represents  the  manifestation  of  the  hormonal  response. 

The  mammary  gland  is  the  site  of  milk  production  and  secretion,  and  in  females,  is  a  major  site 
of  tumorigenesis  (9).  Mammary  gland  development  occurs  during  the  fetal,  post-natal  and  adult 
stages  of  life  (10).  The  development  of  the  mammary  gland  occurs  primarily  post-natally  and  is 
directed  by  a  complex  signal  transduction  interplay  between  hormonal  (polypeptide  and  steroid)  and 
growth  factor  signals.  During  pregnancy,  progesterone  and  estrogen  promote  growth  and 
differentiation  of  normal  mammary  tissue  by  regulating  ductal  branching,  alveolar  formation  (11) 
and  lobuloalveolar  development  (12).  Studies  on  the  ontogeny  of  mouse  mammary  gland 
responsiveness  to  ovarian  steroid  hormones  have  indicated  that  receptors  for  estrogen  and 
progesterone  (ER  and  PR  respectively)  are  present  in  both  stromal  and  epithelial  cells,  and  begin  to 
exert  effects  on  terminal  end  bud  proliferation  at  4  and  7  weeks  of  age,  respectively  (13). 
Furthermore,  it  now  appears  that  epithelial  cells,  which  can  express  receptors  for  estrogen  and 
progesterone,  are  the  major  sites  of  primary  mammary  carcinomas  (14). 

Although  the  general  consensus  on  progestin  action  in  the  uterus  is  that  progesterone  inhibits  the 
proliferative  effect  of  estrogen  and  acts  as  a  differentiating  hormone,  this  concept  caimot  be  extended 
to  the  breast  (3).  Considerable  evidence  has  accumulated  to  implicate  progesterone  in  the 
proliferation  of  normal  mammary  epithelium  in  virgin  animals  (15)  and  in  the  development  of  the 
lobular-alveolar  structure  in  mammary  glands  of  pregnant  animals  (16).  Unlike  estrogen  action, 
progesterone  is  a  mitogen,  not  only  in  the  epithelium  of  the  terminal  end  buds,  but  also  in  the  ductal 
epithelium  (17).  Depending  on  the  time  of  administration  and  the  dosage  used,  progestin  agonists 
have  been  shown  to  reverse  the  anti-tumor  effects  of  the  anti-estrogen,  tamoxifen,  and  induce  tumor 
growth  (18).  The  observation  that  the  tumor  inhibitory  effect  of  tamoxifen  can  be  reversed  by 
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progestin  agonists  (18)  together  with  the  stage  and  dose  dependent  carcinogenie  aetivity  of 
progestin  agonists  (3)  suggest  that  some  of  the  effects  of  ERs  may  be  mediated  by  PRs  whose 
expression  is  known  to  be  indueed  by  estrogen  (19).  Taken  eolleetively,  the  above  data  supports  the 
proliferative  effeet  of  progesterone  in  normal  breast  development  and  in  eontributing  to  the 
oneogenie  potential  of  the  breast.  Conversely,  studies  using  the  eareinogen-induced  rat  mammary 
tumor  model  (20)  have  shown  that  early  pregnancy  (21)  or  the  administration  of  high  doses  of 
progesterone  and  17(3estradiol  (22)  shortly  after  the  onset  of  sexual  maturity  were  effeetive  in 
reducing  the  susceptibility  of  the  mammary  gland  to  chemical  carcinogenesis.  Thus,  progesterone 
appears  to  have  both  stimulatory  and  inhibitory  effeets  on  mammary  gland  tumorigenesis  that  are 
stage  and  dose  dependent. 

From  a  clinieal  standpoint,  the  estrogen  and  progesterone  receptor  status  of  breast  tumors  is  an 
important  prognostic  factor  in  determining  the  probability  of  disease  free  survival  and  response  to 
hormonal  therapy  (2,23).  Breast  tumors  that  contain  functional  ERs  and  PRs  have  a  higher  response 
to  hormonal  therapy  and  higher  disease  free  survival  probability  (2).  However,  as  tumorigenesis 
progresses,  the  disease  develops  to  a  state  that  is  characterized  by  a  lack  of  ERs  and  PRs  and  a 
resistance  toward  hormonal  and  cytotoxic  therapies. 

It  has  been  established  that  PR  is  composed  of  two  hormone  binding  forms  in  vivo,  termed  PR^ 
and  PRb  (24,25).  It  is  thought  that  the  A  and  B  forms  arise  as  a  result  of  either  alternate  initiation  of 
translation  from  a  single  mRNA  (26)  or  by  alternate  transcription  from  promoters  within  the  same 
gene  (27).  These  receptor  isoforms  differ  only  in  that  PRb  contains  an  additional  stretch  of  amino 
acids  at  the  amino  terminus  of  the  receptor.  Previous  experiments  have  shown  that  these  proteins 
exhibit  different  promoter  specificities  for  target  gene  activation  (28)  while  binding  to  the  same 
enhancer  DNA  element  (29).  Remarkably,  recent  data  have  implicated  a  novel  repressor  function  as 
well  as  an  activator  role  for  PR^  (30).  Depending  on  the  promoter  and  cell  context,  PR^  was  shown 
to  act  as  a  potent  transdominant  repressor  of  PRe-mediated  gene  transcription.  In  addition,  the 
repressor  function  of  PR^  was  found  to  influence  the  activity  of  other  members  of  this  superfamily 
of  transcription  factors  which  included  the  glucocorticoid,  mineralcorticoid  and  androgen  receptors. 
Intriguingly,  recent  transient  cotransfection  experiments  have  revealed  that  PRg  when  occupied  by 
progestin  antagonists  can  activate  transcription  (31).  Furthermore,  this  unusual  PRg  mediated 
antagonist  transactivation  can  be  dominantly  inhibited  by  the  PR^  isoform.  This  apparent 
paradoxical  stimulatory  action  of  progesterone  antagonists  via  PRg,  if  substantiated,  would  prompt  a 
reevaluation  or  the  potential  efficacy  of  any  chemoprevention  strategy  involving  these  'anti- 
progestins'  in  the  treatment  of  breast  and  uterine  cancer. 

Although,  for  two  decades,  the  PR  has  been  shown  to  be  composed  of  two  receptor 
isoforms,  the  specific  physiological  role  for  each  of  these  two  PR  subtypes  in  normal  breast 
development,  tumor  initiation  and  progression,  has  yet  to  be  established.  However,  the 
existence  of  both  these  receptors  in  different  species  and  tissues,  and  the  elaborate  mechanisms 
regulating  their  expression  suggests  that  the  absolute  and  relative  levels  (receptor  status)  of  PR^  and 
PRg  in  a  progestin  target  cell  are  critical  for  the  correct  cellular  response  to  progesterone  and  its 
antagonists.  The  equimolar  expression  of  both  forms  of  the  PR  in  the  same  cell  would  allow  the 
possible  formation  of  two  homodimers  and  one  heterodimer  (A:  A,  B:B  and  A:B).  The  potential 
existence  of  three  dimeric  forms  of  PR,  each  having  different  transcriptional  regulatory  specificities, 
would  serve  to  ftirther  expand  the  repertoire  of  physiological  responses  to  progesterone.  Although 
breast  tissue  may  contain  an  overall  equimolar  ratio  of  PR^  to  PRg,  it  is  quite  possible  that  different 
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cell  types  of  this  tissue,  for  example  epithelial  and  stromal  cells,  may  have  a  different  ratio  which  is 
critical  for  the  normal  functioning  of  these  cells.  Therefore  alterations  in  the  ratio  of  PRa  to  PRb, 
would  be  expected  to  contribute  to  an  altered  susceptibility  of  these  cells  to  earcinogenesis  and  have 
a  dramatic  effect  on  the  eellular  response  to  progesterone  agonists,  antagonists,  other  steroids  and 
growth  faetors  and  proto-oneogenes  regulated  by  progesterone. 

An  additional  level  of  eomplexity  in  the  involvement  of  these  reeeptor  isoforms  in  mammary 
gland  development  and  tumorigenesis  arises  from  influence  of  growth  faetors  and  proto-oncogenes 
such  as  epidermal  growth  factor  (EGF),  c-myc  and  cyclin  D1  which  have  been  shovra  to  be 
inereased  by  progestins  in  cultured  human  breast  cancer  cell  lines  (32).  These  mitogens  may 
represent  "early  target"  genes  for  progesterone  which  may  act  via  autocrine  and  paraerine 
mechanisms  to  influence  breast  tissue  proliferation  and  differentiation.  At  this  stage,  it  is  not  known 
which  of  these  gene  products  are  modulated  by  either  one  or  both  isotypes  of  PR. 

Purpose  of  the  Present  Work 

Based  on  the  above  observation,  we  propose  the  following  hypothesis: 

During  breast  development  and  tumorigenesis,  progesterone  mediates  its  mitogenic  effect  through 
two  receptor  isoforms,  PR^i  and  PRp.  We  predict  that,  in  vivo,  PR^  and  PRp  have  distinct 
physiological  effects  and  that  the  ratio  of  PR^  to  PRp  is  a  key  determining  factor  for  normal  breast 
development,  oncogenic  potential  and  carcinogenesis. 

Methods  of  Approach 

We  have  used  a  genetic  approach  to  test  the  above  hypothesis.  Two  fundamental  questions 
regarding  the  role  of  progesterone  and  its  receptor  in  breast  development  are  being  addressed.  These 
are:  (1)  What  is  the  in  vivo  flinetional  significanee  of  progesterone  in  general  breast  development? 
and  (2)  What  is  the  in  vivo  functional  relevance  of  the  A  and  B  forms  of  PR  in  normal  breast 
development  and  tumorigenesis.  These  questions  will  be  answered  by  the  physiological  analysis  of 
mutant  mice  deficient  in  both  forms  of  the  reeeptor  (PRa+b-vo)  and  mouse  lines  deficient  in  either 
the  A  or  B  form  of  the  receptor  (PRa-vo  and  PRb-vo  respectively).  The  generation  of  these  mouse 
models  will  be  accomplished  by  the  mutation  of  the  endogenous  mouse  PR  gene  by  homologous 
recombination  (gene  targeting)  in  mouse  embryonie  stem  (ES)  eells.  Pluripotent  ES  cells  carrying 
the  mutated  PR  allele  will  be  injected  into  mouse  blastocysts  where  they  will  beeome  the  progenitor 
cells  of  most  of  the  embryonic  tissues  including  the  germ  line.  Germ  line  transmission  of  the 
mutated  PR  allele  will  allow  the  creation  of  mouse  strains  that  are  heterozygous  and  homozygous  for 
the  mutant  PR  gene. 


Progress. 

In  the  previous  progress  report,  I  deseribed  the  phenotypie  defects  in  mammary  gland  development 
that  arise  in  null  mutant  mice  laeking  both  forms  of  the  progesterone  reeeptor  and  provided  evidence 
that  the  proliferative  effects  of  PR  in  the  mammary  gland  are  mediated  at  least  in  part  by  PR 
dependent  regulation  of  expression  of  the  cell  cyele  protein  D1  eyclin.  I  also  reported  the  status  of 
progress  using  two  alternative  strategies  for  introducing  selective  null  mutations  of  the  PR  A  or  PR 
B  proteins  into  the  germline  of  mice.  At  that  time,  I  reported  laek  of  feasability  of  one  strategy 
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which  was  abandoned  at  some  cost  of  time  on  the  project  and  our  generation  of  two  new  targeting 
constructs  using  a  second  alternative  gene  targeting  strategy  for  producing  the  PRA  and  B  mutations. 
Since  our  adoption  of  two  targeting  strategies  caused  some  confusion  to  reviewers  of  that  progress 
report,  I  will  summarize  the  rationale  and  necessity  at  the  time  to  try  these  approaches  in  this  report. 
I  will  also  detail  the  significant  progress  we  have  made  in  the  past  year  that  has  allowed  us  to 
obtain  germ  line  mutation  of  both  mutations  in  mice.  It  is  important  to  emphasise  that  the 
introduction  of  these  mutations  represents  a  significant  technical  challenge  that  is  different  from 
standard  gene  targeting  approaches.  The  reasons  for  these  difficulties  will  be  detailed  below.  In  fact 
our  success  in  introducing  these  point  mutations  into  the  mouse  genome  this  year  is  among  the  first 
to  be  achieved  to  date  in  mice  for  any  gene. 

Selective  ablation  of  expression  of  the  PR  A  or  PR  B  protein  expression  in  embryonic  stem  cells. 
The  A  and  B  forms  of  PR  arise  from  alternative  initiation  of  translation  at  two  different  ATG  codons 
on  a  single  gene  by  alternative  promoter  usage.  Thus,  selective  mutation  of  one  of  the  two  ATG 
codons  will  result  in  expression  of  a  single  form  of  the  receptor.  Our  approach,  therefore,  to  create 
mouse  models  that  express  only  the  A  form  of  the  receptor  is  to  mutate  the  initiating  ATG  for  PR  B 
(ATGb).  Thus,  the  open  reading  frame  for  the  PR  B  is  destroyed.  Similarly,  mutation  of  the  ATG 
site  for  PRA  (ATG^)  will  create  a  mouse  model  that  expresses  only  the  B  form  of  the  receptor. 
While  the  design  of  gene  targeting  constructs  (see  below)  precludes  us  from  testing  these  mutations 
in  tissue  culture  cells,  previous  studies  using  cDNA  expression  vectors  containing  these  mutations 
have  demonstrated  successful  ablation  of  PRA  or  B  expression  when  their  respective  ATG  initiation 
sites  are  mutated  (33). 

Although  over  200  genes  have  now  been  ablated  in  mice  through  gene  targeting  approaches,  no 
reports  to  date  have  demonstrated  successful  gene  targeting  in  mice  by  introducing  point  mutations 
into  functional  genes.  This  is  primarily  because  selective  markers  used  to  select  for  uptake  of 
targeting  vectors  must  be  removed  in  a  relatively  inefficient  two  step  process  before  generating 
chimeric  mice.  Further,  the  two  step  procedures  required  for  this  targeting  event  can  compromise 
the  viability  of  embryonic  stem  cells  and  reduce  their  ability  to  transmit  the  mutation  to  the  germ 
line.  Thus,  our  objective  to  introduce  subtle  mutations  into  the  PR  gene  represented  a 
technical  challenge  that  is  clearly  more  complex  than  our  previous  null  mutation  of  the  PR 
gene.  We  initially  adopted  two  approaches  to  accomplish  this  goal. 

The  first  approach,  which  I  proposed  in  my  original  application  involved  a  two  step  homologous 
recombination  strategy  known  as  the  “tag  and  exchange”  approach  that  involved  sequential  use  of 
two  different  gene  targeting  vectors.  At  the  time  of  submission  of  the  application,  this  approach  had 
successfully  been  used  by  two  groups  to  introduce  subtle  mutations  into  embryonic  stem  cells 
(34,35)  but  no  demonstration  of  germ  line  transmission  of  these  mutations  to  mice  had  been 
demonstrated.  In  the  first  step  of  this  approach,  a  vector  is  constructed  that  contains  two  fragments  of 
the  mouse  PR  gene  separated  by  two  selectable  markers  (neomycin  resistance  gene  and  thymidine 
kinase  gene)  placed  adjacent  to  each  other.  This  vector  is  used  to  ‘tag’  the  PR  genomic  locus  by 
electroporation  in  embryonic  stem  cells  and  selection  of  homologous  recombination  events  by  G418 
drug  selection  for  neomycin  resistance  and  southern  analysis  of  resistant  clones.  The  key  difference 
between  this  vector  and  the  standard  gene  targeting  vector  is  that  in  the  latter  case,  the  TK  gene  is 
located  outside  the  PR  homologous  gene  fragments  so  that  the  TK  sequences  are  lo^  upon 


homologous  integration  and  integrants  can  be  selected  for  neo  uptake  and  resistance  using  G418  and 
loss  of  TK  by  simultaneous  selection  with  gancyclovir.  In  contrast,  the  TK  sequences  are  retained  in 
the  tagging  vector  to  allow  a  second  independent  selection  event  in  the  second  step  of  of 
recombination.  The  second  targeting  or  ‘exchange’  vector  simply  contains  a  5.0-7. Okb  genomic 
fragment  of  PR  containing  the  PR  A  or  B  point  mutations.  This  vector  is  electroporated  into  isolated 
ES  cell  clones  that  contain  the  integrated  tagging  vector  and  used  to  replace  the  first  vector  by 
homologous  recombination  resulting  in  loss  of  both  selectable  markers  allowing  selection  for  TK 
loss  using  FIAU.  The  net  result  is  that  the  endogenous  gene  is  modified  by  a  PR  fragment  that 
contains  only  the  desired  point  mutation.  Using  this  strategy,  we  successfully  tagged  the  PR  locus 
using  a  gene  targeting  vector  that  contained  the  neo  and  TK  markers  flanked  by  1.2kb  of  PR 
sequence  encoding  part  of  exon  1  on  the  5’  side  and  5.5kb  of  PR  sequence  encoding  parts  of  exon  1 
and  2  on  the  3’  side  and  achieved  a  15%  targeting  frequency  of  integration  of  the  tagging  vector  at 
the  PR  locus.  However,  as  we  reached  this  stage  of  the  experiments,  it  became  clear  fi-om  studies  in 
Dr.  Alan  Bradley’s  group  and  other  collaborators  at  Baylor  that  although  the  second  step  of 
recombination  is  theoretically  sound,  in  practice  the  FIAU  selection  step  was  yielding  very  poor 
selection  efficiency  and  those  rare  targeted  clones  that  were  detected  were  losing  viability  due  to 
extended  manipulation  and  did  not  contribute  to  the  germ  line.  For  this  reason,  I  considered  that  our 
likelihood  of  success  in  continuing  with  this  approach  was  extremely  low  and  decided  that  it  was 
essential  to  adopt  an  alternative  strategy  that  eliminated  the  necessity  for  the  second  homologous 
recombination  step.  The  approach  we  adopted  was  the  CRE-loxP  system  which  relies  on  a  highly 
efficient  site  specific  recombination  event  in  the  second  targeting  step  to  remove  markers  and 
exogenous  sequences  from  the  PR  gene  locus.  Although  the  change  in  strategy  has  cost  us  some 
time  losses  in  generating  new  and  different  targeting  vectors,  the  CRE-loxP  strategy  has  proven 
highly  successful  and  most  importantly  has  allowed  us  obtain  germ  line  transmission  of  a  subtle 
mutation. 

Mutagenesis  Strategy. 

The  basic  mutagenesis  strategy  was  to  use  oligonucleotide  directed  mutagenesis  to  introduce 
nucleotide  substitutions  into  the  ATG  codons  that  are  responsible  for  initiation  of  translation  of  the 
A  and  B  proteins  of  PR.  An  important  issue  to  consider,  in  the  case  of  the  ATGb  initiation  site,  is 
that  this  region  overlaps  with  a  previously  identified  estrogen  response  element  that  may  be 
important  for  estrogen  dependent  induction  of  PR  expression.  The  mutagenesis  strategy  is  therefore 
designed  to  avoid  substitution  of  residues  that  may  contribute  to  this  regulation. 

The  basic  approach  was  to  introduce  a  conservative  amino  acid  substitution  at  each  initiation 
ATG  together  with  an  overlapping  or  nearby  restriction  site  that  would  serve  as  a  diagnostic  site  to 
allow  easy  detection  of  targeted  events  that  contain  the  desired  mutation.  The  mutations  we 
introduced  to  selectively  delete  the  A  or  B  initiation  ATGs  are  shown  in  Figure  1.  In  the  case  of  the 
ATGa  mutation  (panel  A),  we  introduced  a  conservative  substitution  at  the  ATG  changing  MET  to 
ALA  (GCT)  and  a  silent  nucleotide  substitution  at  the  neighboring  SER  (AGT-AGC)  to  generate  a 
novel  NHEl  restriction  site  to  facilitate  detection  of  the  mutant  in  embryonic  stem  cells  by 
restriction  analysis.  In  the  case  of  the  ATGB  mutation,  we  introduced  a  conservative  substitution  at 
the  first  nucleotide  of  the  ATG  changing  MET  to  LEU  so  that  the  previously  reported  ERE 
consensus  element  was  not  disturbed  and  a  silent  mutation  downstream  of  the  ATG  and  consensus 
site  to  eliminate  an  endogenous  PstI  restriction  site  for  detection  of  the  mutation.  Both  mutations 
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were  introduced  into  a  1.5kb  genomic  fragment  of  mouse  PR  encoding  exon  1  using  a  Quick  Change 
mutagenesis  kit  (Stratagene)  and  the  individual  mutations  were  sequenced  before  proceeding  with 
generation  of  the  targeting  vector. 

A.  Wild  type  sequence  Ser  Pro  Leu  Met  Ser  Arg  Pro 


TCC  CCG  CTC  ATG  AGT  CGG  CCA 


Mutant  sequence  Ser  Pro  Leu  Ala  Ser  Arg  Pro 

TCC  CCG  CTC  GCT  AGC  CGG  CCA 
Nhel 


B.  Consensus  ERE  G  GTC  ANN  NTG  ACC 

Wild  type  sequence  Met  Thr  Glu  Leu  Gin 

GG  GTC  GTC  ATG  ACT  GAG  CTG  CAG 

PstI 

Mutant  Sequence  Leu  Thr  Glu  Leu  Gin 

TGG  GTC  GTC  CTG  ACT  GAG  CTC  CAG 

Figure  1.  Comparison  of  the  wild-type  and  mutant  sequences  in  the  region  of  the  ATG  translation 
initiation  site  for  the  A  protein  (panel  A)  and  for  the  B  protein  (panel  B). 


Construction  of  mutant  gene  targeting  vectors. 

The  CRE-lox  P  approach  is  a  two  step  mutagenesis  strategy  that  uses  a  modified  PR  targeting 
or  tagging  vector  in  which  two  selectable  markers  (neo  and  TK)  are  introduced  into  intron  2  of  the 
mouse  gene.  The  markers  must  be  flanked  by  two  lox  P  DNA  sequences  placed  in  the  same 
orientation  at  the  5’  and  3’  ends  of  the  markers.  These  sites  act  as  specific  recognition  sequences  for 
the  site  specific  recombination  enzyme,  CRE  recombinase  which,  when  introduced  into  cells,  will 
catalyse  recombination  between  the  two  lox  P  sequences  resulting  in  a  deletion  of  the  intervening 
marker  sequences.  Thus,  in  our  case,  step  1  involves  electroporation  of  ES  cells  with  a  targeting 
vector  that  contains  a  PR  genomic  fragment  containing  the  ATGA  or  ATGB  point  mutations  and  the 
lox  P  flanked  markers  in  intron  2.  Homologous  integration  of  this  vector  into  the  endogenous  PR 
locus  serves  to  a)  introduce  the  desired  mutation  and  b)  tag  the  PR  genomic  locus  with  markers  that 
allow  selection  of  homologous  recombination  events.  Once  ES  cell  clones  have  been  identified  that 
have  integrated  the  targeting  vector  including  the  desired  mutation  at  the  PR  locus,  these  clones  are 
expanded  and  used  for  electroporation  of  a  cmv-CRE  recombinase  expression  plasmid  to  remove  the 
marker  sequences  between  the  lox  P  sites. 
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Figure  2.  Gene  targeting  vector  and  strategy  for  generation  of  the  ATGA  mutation  in  embryonic 
stem  cells. 


Introduction  of  the  ATGA  mutation  into  ES  cells. 

The  targeting  vector  and  gene  targeting  strategy  for  introduction  of  the  PR  A  mutation  are 
shown  in  Figure  2.  The  vector  contains  (from  5’  to  3’  direction)  3.5kb  of  genomic  PR  sequence 
encoding  exons  1-2  including  the  A  initiation  site  mutations  and  part  of  intron  2  followed  by  the 
lox  P  flanked  neo  and  tk  selectable  markers  followed  by  an  additional  3.0kb  of  PR  genomic 
sequence  encoding  part  of  intron  2  at  the  3’  end.  The  vector  was  electroporated  into  ES  cells  and 
stable  transformants  containing  the  vector  were  selected  by  growth  of  the  cells  in  the  presence  of 
G418  to  generate  neomycin  resistant  clones.  Homologous  integration  into  the  PR  locus  results  in  a 
downstream  shift  of  a  unique  Hindi  1 1  site  in  intron  2  (due  to  the  marker  casette  insertion)  resulting 
in  the  appearance  of  a  7.0kb  hybridizing  band  representing  the  mutated  allele  by  Southern  analysis 
using  a  O.Skb  probe  located  upstream  of  the  PR  sequences  used  in  the  targeting  vector  and  a  S.Okb 
band  representing  the  wild-type  allele. 


Figure  3.  Southern  analysis  of  embryonic  stem  cells  to  detect  homologous  integration  of  the 
targeting  vector  containing  the  ATG  A  mutation  at  the  PR  locus.  Homologous  recombination  events 
were  detected  by  the  appearance  of  a  7.0kb  hybridizing  band  corresponding  to  the  mutated  PR  allele 
in  addition  to  the  5.  Okb  band  representing  wild  type  PR. 

Using  the  above  approach,  we  obtained  a  homologous  gene  targeting  frequency  of  12%  of  the 
screened  neomycin  resistant  clones.  An  example  of  the  Southern  analysis  of  ES  cell  clones 
containing  this  vector  is  shown  in  Figure3.  The  results  show  that  two  of  the  clones  screened  on  the 
filter  contain  both  the  S.Okb  (wild-type)  and  7.0kb(mutant)  alleles.  Four  independent  targeted  clones 
were  selected  for  expansion  and  transfection  with  the  CRE  recombinase  expression  vector  (pOG231, 
from  Dr.  S.  O’Gorman,  Salk  Institute).  After  transfection  the  cells  were  grown  in  FIAU  containing 
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medium  to  select  for  loss  of  the  TK  gene  and  screened  again  by  Southern  analysis  to  detect  a)  loss  of 
the  selectable  markers,  and  b)  presence  of  the  ATGa  mutation  (Figure  4).  Removal  of  the  selectable 
markers  was  detected  using  the  same  5’  probe  to  analyse  Hindi  1 1  digested  DNA  to  demonstrate  loss 
of  the  7.0kb  band  corresponding  to  the  mutant  gene  with  integrated  markers  with  only  the  wild  type 
S.Okb  band  remaining.  The  ATGA  mutation  was  then  detected  with  the  same  probe  by  double 
digesting  DNA  with  Hindi  1 1  and  Nhel.  In  this  case,  the  wild  type  allele  is  represented  by  a  1  .Okb  5’ 
Hindi  11/NHEl  band  and  a  4.0kb  3’  NHEl/Hindlll  band  and  the  mutant  allele  introduces  an 
additional  NHEl  site  that  results  in  a  reduction  in  size  of  the  4. Okb  band  to  2.5kb  while  the  l.Okb  5’ 
Hindi  1 1/NHEl  band  is  also  detected  .  Of  the  four  targeted  clones  analyzed,  two  contain  the  mutated 
allele  at  the  ATGa  position.  This  result  was  not  unexpected  since  during  the  initial  homologous 
recombination  event,  cross  over  between  the  targeting  vector  and  the  endogenous  PR  gene  may  take 
place  on  either  side  of  the  point  mutation  in  ATGa  resulting  in  a  wild  type  or  mutant  product.  Thus, 
we  have  two  independent  ES  cell  clones  carrying  the  mutated  ATGa  allele  in  the  PR  locus. 

Generation  of  chimeric  mice  carrying  the  ATGa  mutation  and  identification  of  heterozygotes 
after  germ  line  transmission  of  the  mutation. 

Both  targeted  clones  have  been  microinjected  into  blastocysts  from  C57BL/6  female  mice.  To  date 
we  have  successfully  obtained  33  chimeric  mice  with  more  than  70%  agouti  coat  color.  Both  clones 
have  given  rise  to  chimeras.  Chimeric  mice  from  each  clone  have  been  cross  bred  with  wild  type 
mating  partners  and  both  lines  have  given  rise  to  germ  line  transmission  of  the  ES  cells.  Screening  of 
the  agouti  offspring  from  these  matings  has  identified  heterozygotes  arising  from  the  two 
independent  ES  cell  clones.  These  animals  were  bred  to  maturity  and  intercrossed  to  detect 
homozygote  offspring.  An  example  of  the  Southern  analysis  of  these  offspring  indicating  3 
homozygotes  in  the  samples  analysed  is  shown  in  Figure  5.  To  date  we  have  a  total  8  homozygotes, 
12  heterozygotes  and  6  wild  type  mice  from  the  first  screening. 


Hind  Hi  HindllHNIiel 
12  3  4  1  2  3  4 


Figure  4.  Detection  of  the  ATGA  mutation  at  the  PR  locus  by  Southern  analysis  of  NHEI/Hindlll 
disgested  E.S.cell  DNA. 
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Figure  5.  Confirmation  of  PR  A  null  mutation  (PR  B  +)  using  Southern  hybridization 
analysis  of  Hind  111/Nhe  1  digested-DNA  from  offspring  of  heterozygous  intercrosses. 
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Figure  6.  Western  Immunoblot  analysis  of  PR  expression  in  uterus  of  wild  type  (WT)  and 
PR  A  tniitant  mouse  (PR  B  +)  using  rabbit  anti  PR  IgG  C-19  (Santa  Cruz). 

Western  Analysis  to  confirm  selective  expression  of  the  PR  B  protein  in  PR  A  null  mutant 
mice. 

To  confirm  exclusive  expression  of  PR  B  in  the  homozygote  mice,  we  treated  4  week  old  female 
homozygotes  or  wild  type  mice  from  the  same  litter  with  lOug  estradiol  for  3  days  and  removed  then- 
uteri  for  Western  analysis  of  PR  expression.  lOOug  of  uterine  extract  protein  from  each  genotype 
was  subjected  to  6.5%  SDS-PAGE  electrophoresis  and  transferred  to  nitrocellulose.  The  PR 
isoforms  were  detected  using  C-19  rabbit  anti-PR  IgG  (Santa  Cruz  Labs.),  followed  by  HRP 
conjugated  donkey  anti-rabbit  secondary  antibody  and  ECL  (Amersham)  for  visualization  of  the 
proteins.  The  results  in  Figure  6  clearly  demonstrate  that  while  a  strong  immunoreactive  band 
corresponding  to  the  A  protein  is  detected  in  the  wild  type  mouse,  this  band  is  eliminated  from  uteri 
of  PRB+  mice.  The  B  protein  is  detected  at  similar  levels  in  both  mice  and  is  typically  represented 
by  one  major  and  an  upper  minor  band  in  mice  that  presumably  results  from  phosphorylation  of  the 
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protein.  Thus,  we  provide  definitive  evidence  at  the  protein  level  to  demonstrate  selective 
ablation  of  expression  of  the  FRA  protein. 


Introduction  of  the  PR  B  mutation  into  embryonic  stem  cells. 

The  vector  and  gene  targeting  strategy  for  introduction  of  the  PR  B  mutation  into  embryonic  stem 
cells  is  shown  in  Figure  6.  The  overall  vector  design  was  essentially  the  same  as  that  used  for  PRA 
except  that  the  3.5  kb  PR  genomic  fragment  located  at  the  5’  side  of  the  vector  contained  the  ATG  B 
mutation  and  deletion  of  the  nearby  PstI  site  shown  in  Figure  1.  Southern  analysis  of  Hindlll 
digested  DNA  from  ES  cells  electroporated  with  this  vector  (using  the  same  approach  as  that 
described  above)  indicated  that  10%  of  the  G418  selected  clones  contained  the  7.0kb  hybridizing 
band  corresponding  to  the  mutated  allele.  Twelve  of  these  targeted  ES  cell  clones  were  expanded 
and  electroporated  with  the  CRE  recombinase  expression  vector  to  remove  the  marker  cassette  from 
intron  2.  After  selection  using  FIAU,  the  clones  were  screened  by  PCR  to  confirm  removal  of  the 
marker  cassette  and  the  PCR  products  were  digested  with  PstI  to  identify  clones  that  had  lost  the  PstI 
site  due  to  mutagenesis  of  the  ATG  B  region.  The  oligonucleotides  used  were  located  200bp 
upstream  of  the  ATGB  site  and  400bp  downstream  of  this  site.  Thus,  the  PCR  product  we  predicted 
to  obtain  was  600bp  which  is  not  digestible  with  PstI  in  the  case  of  the  ATGB  mutation,  but  is 
digested  with  PstI  to  yield  a  200bp  and  400bp  fragment  in  the  case  of  the  wild  type  allele.  The  results 
in  Figure  7  shows  two  of  the  screened  clones  contain  the  PstI  mutation  detected  by  the  appearance  of 
a  600bp  PR  fragment  in  addition  the  400bp  and  200bp  fragments  representing  the  wild  type  allele. 
PCR  products  from  these  clones  were  finally  sequenced  to  confirm  the  presence  of  the  ATG  B 
mutation  before  electroporation  of  the  targeted  clones  into  blastcysts. 


Figure  7.  Targeting  vector  and  strategy  for  introduction  of  the  ATGB  mutation  into  embryonic  stem 
cells. 
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Figure  8.  PCR  analysis  of  targeted  ES  cell  clones  after  loxP  mediated  recombination  to  detect 
homologous  recombinants  that  contain  the  ATGB  mutation  using  PstI digestion. 

Generation  of  chimeric  mice  carrying  theATG  B  mutation. 

Four  targeted  clones  have  been  microinjected  into  blastocysts  from  C57BL/6  mice.  We  have 
generated  15  chimeric  mice  from  two  independent  targeted  ES  cell  clones.  To  date,  cross-breeding 
of  these  mice  has  given  rise  to  a  total  of  8  agouti  coat  colored  offspring  confirming  germline 
transmission  of  the  ES  cells.  While  these  mice  have  not  been  genotyped  as  yet,  we  are  confident  that 
50%  will  carry  a  heterozygote  PR  B  null  mutation. 

Conclusions.  In  summary,  we  have  successfully  targeted  subtle  mutations  into  the  PR  locus  in 
embryonic  stem  cells  to  generate  two  novel  mutant  lines  of  mice  that  selectively  inactivate 
expression  of  the  A  or  B  proteins  of  the  PR.  We  have  introduced  these  mutations  into  blastocysts  to 
generate  chimeric  lines  of  mice  carrying  both  mutations  and  we  have  confirmed  germ  line 
transmission  of  both  mutations  from  chimeric  mice  and  identified  homozygote  offspring  from 
heterozygote  mice  in  the  case  of  the  PRA  mutation.  During  the  next  year,  we  will  analyse  the 
selective  roles  of  the  A  and  B  proteins  in  mammary  gland  development.  These  mice  will  also 
provide  a  highly  valuable  tool  to  examine  the  selective  responses  of  the  A  and  B  proteins  to  agonists 
and  antagonists  of  the  of  PR  in  situ  in  the  mammary  gland. 
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